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1.0 Abstract

A collection of physical and mechanical properties have been
examined for 20% gelatin gels made from Pharmagel A. Among those
parameters measured arc density, thermal conductivity, specific heat,
specific capacitance, ultrasonic wave velocity, and coefflcient of
rolling friction. The critical field strength above which electrical
properties change radically is documented. 4n equivalent passive
circult model is proposed. Fracture §&ress ind elastic midulii are
measured for straln rates from 6 x 107" sec™ ™ to 975 sec” . Shear
stress at fracture_and shear modulil are measured for strain rates
from 8 x 1073 sec™d to 0.& sec™l, Fracture strains are also documented
: ‘ for many strain rates. The gelatin is examined for plezo-electric
21 : effects and electro-optic effents which would modify 1ts stress bire-
- f fringence by application of an electric field. Surface polarization
effects are also examined. The natuvre of the fracture surface as a
function of crack propagatlion rate is characterized. A visco-elastic
: transition strain rate 1s also documented. Finally, changes of density
iy with storage time at fixed temperature and humicity and changes of
denslty with varilations in composition are examined.
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2,0 Introduction

The objective of this work has been to characterize certain
physical and mechanical properties of a particular production lot of
gelatin, To make meaningful measurements, it is first necessary to
create reproducible material for test apecimens, and to create a re-
producible set of test conditions, Given these conditions, it is then
possible to proceed with experirants, The choice of parameiarsc meas-
ured has been motivated by two considerations, The first is to provide
numbere for usa in nodels of dynamic behavior at high strain rates,

The second is to examine properties which might lead to better ways of
obtaining documentation of dynamic deformation at high strain rates,

3:0 Chemistry of Gelatin

The term "gelatin® is used to refer to a yellow-white powder, 100%
protein, extracted by acid or base hydrolysis from collagen, the main
matrix material of hide, bons and connective tissue. The term “"gelatin”
is also used to refer tc a water solution of this prowder, Gelatine
refers .o the material extracted by acid or base hydrolysis before
electrolytes have been removed, When the electrolytes are removed (with
fon-exchange resins), the purified material is gelatin,

Gelatin (the powder) is an aggregate, that is, there is no single
molecular size and formula, Instead, gelatin is a collection of large
protain molecules similar in amino acid composition, In a given gela-
tin sample thers may be molecules of 17,000 m,w, and others of
300,000 m,w, Thus only the average mclacular weight can be used in
characterizing the gelatin,

Collagen is a structural protein in animal tissues, Some authoritles
believe there is a vasic repeating unit in collagen, known as
tropocollagen.l* The existence of tropocollagen is not generally rec-
ognized, There is not conclusive evidence to prove or deny lts exis-
tence, Collagen's main importance is in gelatin menufacture, Therefore
collagen research has not been extensive except as it relates to gela-
tin,

Gelatin is extracted from hide or other tissue by hydrolysis of the
collagen molecule into smaller, water-soluble units in dilute acld or
base, Gelatin extracted in acid differs from gelatin extracted in base,
In fact, gelatin extracted at one pH differs from that extractad at
pH + one unit in either direction,2 It would appear that the bonds
broken (uydrolyzed) in acid differ from those hydrolyzed in base, This
is consistent with the general properties of long organic molecules,

Not only is the extracted material characteristic of and dependent on
pH, but it is similarly devendent on electrolyte concentration, Gelatin
can be "salied in® or "salted out” of solution,3 Low concentrations

of electrolyts aid in dissolving gelatin, and high concentrations reduce
gelatin solubility,

There are ionizable hydrogen ions on the amino acid residues that
will come off, depending on pH, to give the molecule a charge, There
is a pH where the protein molecule as a whole is neutral, and will not

* o f 3 o . N :
Swpercopiyt wwwrals refop to reforences fowed on Page 140,

Preceding page blank

Cmah L e Sh o ket e

S b acid ATl




-.??-Q@

SR B A . b e e . - - PN [T,

* mgrate in an electric field. Ihis point is ho pl, the isoelectric
E 3 or isolonic point.” The pl is one parameter used to characterize

gelatin,

Gelatin solutions above 4% (w/w) gelatin (in Hz0) have a sol to

gel transition. In the sol form, the solution cannot support its owm
weight. In the gel form, the solution can support its own weight and
can be molded into vardous shapes. This transition is temperature and
concentration dependent, The sol-gel transition temperature is actually
a range of tamperatures., If you heat a gel to make the sol form, the
transition temperature will be higher than if you coll the sol to form

: the gels The transition range is ahout 5%, (Our gelatin solutions are
! 20% and the sol-gel transition range is just above room temperature,

30-359C, )

The thermal history of gelatin solutions is very important.5 Heat
tends to break down the gelatin molscules &nd changes the nature of the
solution. This process is an acceleration of the process known as
agsing, whers the inter- and intramolecular bonds break and reform into
a least energy configuration. This is a continual procecss, hastened
and somutimes even altered by bacterial action and thermal history.

Once a leastwenergy configuration is reached, it is not necessarily
stable, A large protein molecule such as gelatin has a three-dimensional
structure and shape where the chain folds over itself and bonds form
between different parts of the chain, Because of this structure, thers
are sometimes stresses along the chain such that when one bond is broken
t or formed along the chain, other bonds are then affected. There is no

’ single final structure to end this sequence of changes. LEventually, the
i chain becomes small encugh that it is relatively stable, hut by that

/ point the chain is so small that il could hardly be called gelatin, as
we know it. The thermal history, the temperature changes over time,
greatly affects the structure and thus the properties of gelatin., 4 gel
solution cooled down to 25°C from 40° will differ in composition and
properties from a gelatin solution warmed to 25° from 100,

Gelatin is an aggregate, a collaction of long chain molecules similar
in amino acid composition. As a gowder, it can sit for months with no
noticeable change in composition.® But a gelatin solution undergoes
. : noiceable change (ageing) in several days. There are several important
3%}‘ : parameters to control in making guelatin solutions. Thess ars listed and
’ dealt with in the section on preparing reproducible samplcs.,

R T e T

4,0 Preparation of Reproducibl. Samples

. The first step in th: program was Lo make a roproducible golatin

& : solution. Interested in the quality control in gelatin manufacture, we

; contacted Kind and IKnox, producers of Phammagcl A, ordnance typ: gelatin,”

.k From their information we ascortaincd that the only convontional quality
A control between lots is th. Bloom Jjelly strength t:st. A given batch

“* of gelatin must have a Jolly str.ngth within certain limitis ofa staudard,
C so that all batch:s of certain type of gelatin have: approximately the

same jelly strength,

!
i
]

ﬁ We concluded that the best way to insurs a homoguneous gelatin supplw

A
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was to purchase all the test gelatin from one lot., Our test gelatin is
from lot 14, Kind and inox ordinance type l'harmagel A. The balance of

the lot was purchased by BRL, Thus, the gelatin we are testing is from
the same lot as that which BRL will later usc in their test program.

The water used in making "he sample gzlatin is distilled, deminer-
alized water, bulled before use, Distilled water was commercially ob-'
tained, and then passed through an ion-exchange resin cartridge before
usa, The water was boiled before use, not to get rid of CO2 but to
kill bacleria.

Initially, several methods of gelatin solution preparation were
attempted. Low speed stirring solves the problem of foam d.veloping
on the top of the solutiecn. But clumping of the gelatin is a problem-
then. High speed stirring reduces the clumpin-, but then foam is a
problem. Of the two, the fcam was less of a problem than the clumps.
The small clumps cf gelatin arc caused when the gelatin powder imbibes
water, They will eventually dissolve. But if onc wishes to immediately
casv the gelatin in a mold, the clumps and foam must be drawr off and
discarded,

There is a method of gelatin solution preparation that simply calls
for the gelatin to b. add-d .o water without mixing of any sort. The
golatin forms one larze lump, and evantually goses into solution. During
this process, the water must be kept at 65.70°C, After 15-20 minutes,
the solution is stirred slightly. This method of preparation was unac-
ceptable because the gelatin solution is at elevated temperature for too
long. Also in making up large samples, without thorough mixing, the
solution cannot be homogeneous, Therefore, it did not suit the purpose,

In making up samples Cor the Bloom gelometer test (test of jelly
strength) the samples are made by a veriation of the above technique.
Only small samples are made up, and they are meticulously mv les 7.50 ¢
of gelatin are weighoed into a special Bloom bottle. 105.0 g cl dis=
tilled water at 259 are added. During this additlion, the solution is
stirred with a brass stirring rod. The sample is allowed to stand 13
hours. The bottle is placed in a 65° C bath for 8-10 minutes and stirred
"Jjust enough to effect thorough mixing, "° until the temperature is 61°,
At this time, 1if viscosity of the sample is to bec determined, part of
the sample is removed and its viscosity measured., The sample bottlie is
then placed in a 459 bath for 30-40 minutes., The bottle is inverted
several times to mix in any water condensed above the liquid level, foanm
is removed, and the sample placed in 3 10° bath "undisturbed for not
less than 16 nor more than 18 hours,"” Then the measurement is made. The
measurement wade is the mass of lead shot pournd into a receiver on top
of a plunger to depress that plunger a certain distance (4 mm) into the
gelatin, If it takes 300 grams of polished lead shot to depress the
plunger that distance into the sample, the sampl- is said to be 300

Y bloon,
[A) # :
=3 Thids is the test used by gelatin manufacturers to test individual
. lots of gelatin., This is the c¢nly test mentionaed in the literature
Eﬁgf specifically for quality control. This test controls thermal history,
; , and ageing, by specifying time and tempera‘ure. Because of the nature
e

4
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of the substance gelatin, thermal his\ :»v ard ageing must be specified,
But that does not make tbe Bloom gelomers: test 2 valid test of repro-
ducibility of sample. As of now, there it no accepted tust of repro-
ducibllity other than this,

4.1 Sn 3 e Method (500

During the first quarter of the program, a 500 graam sample of gelatin
solution was made in the following manner: 400 graas of distilled,
dexineralized water are urought to a boil, then allowed to cool slightly.
(A small amount of mter is lost due to the boiling,) Enough water is
added to the btoliled water to make 400,00 grams. If the temperature i
not now at 759C after the addition of the small amount of water, it is
allowed to cool to that tsmpsrature. 100 grams of gelatin is added to
the water, in a slow even stream, while the water is stirred with a 2"
high speed stirrer, If .ne water is stirred at high speed, ard the
gelatin added slowly, and evenly in a fine stream, there will be a good
mix, without clumping. Any small clumpe which may develop can be dis-
solved by high-speed stirring, The gelatia solut) -1 should now be at
50-609C, and can be pourei into molds easily. Any bubbles or foam should
te remcved with a spoon berore pouring.,

At the end of the first quarter, three revisions vwere made in this
method, First,the tempsrature of mixing gelatin with water was decreased
from 75°C to 70°C, Saecond, the gelatin was added to the water more
quickly, Finally, the gelatin was sealed and allowed to stand at room
tenperaturs (approximately 20°C) until 90 minutes lapsed from the tine
the gelatin was initially added to the water.

Since heat tends to treak down the gelatin molecules and change the
properties of its solution, we were interested in minimizing temperatures
used, It was found that the gelatin can still be dissolved completsly to
form a 20 per cent solution when the temperature is lowersd from ?75°C to
70°C, The lower temperature should decrease the rate of gelatin degrada-
tlon, During all subsequent work, all samples were prepared by mixing
the gelatin at 70°C,

During the first quarter the gelatin was added siowly and evenly in
a fine stream, In the revised methad, the gelatin is added more rapidly
into solution, &till in an even stream, Any clumps which are formed are
dissolved by high speed stirring, ULess foam was produced by this teche-
nique. For example, 2-15¢ of foam is produced in a 500g batch of gelatir,

The time nesded to dissolve any clumps varies from sample to sample,
Air bubbles and foam may still be interspersed throughout the gelatin
solution 15-20 minutes after stirring, Therefore, each sample was sealed
with aluminum foil after stircing; and allowed to stand until 90 minutes
had lapsed from the time th' ge.atin powder was first introduced to the
water, before casting, This was to insure that all the foam has risen
to the surface, The tempsrature of the gelatin decreased from the initial
70°C to 40-459C each time before casting,

As a preservatlive, 0.,02nl of cinnamon oil is added to each 500g gela-
¢in batch during mixing.,

I
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4,2 Large Sample Method (8750g)

About one hundred blocks of 20 psr cent gelatin were naseded for the
density experiment. To guarantee that the initial densities of all ths
blocks were ideantical, the blocks ware all cast at one time from one
large batch, Several adaptaiions of the method developad in the first
quarter for 500g samples were sttempted, First, a portadble housshold
Bixer was tried, It completely dissolved the 3400g of gelatin, but
600g of foam was produced, The gslatin density was then measured and
found to be 1,052 + 0.003g/ul, The dansity of 20 per cent gelatin from
small sample preparation is 1,059, + .001g/ml, Apparently, the foam
is not the same composrition as the solution, Therefore the amount of
foam produced affects the gelatin density,

In order to minimize the amount of foam produced, & second adapta-
tion was to go back to the stirrer used in the asmall sample preparation
and use it for a large gelatin batch, Complete solution occurred and
only 300 grams of foam was produced, The density of the gelatin was
1,054 + 0,002g/nl, This arrangement vas rejected because the small
stirrer did not appear to mix the entii~e batch homogeneously,

By using a larger stirrer (4" x 5" oval steel), a high speed mixer,
a temperature of 68-72°C during mixing, a 10 liter container, and a 2 hr,
nixing time, gelatin with a density essentially equal to small sample
gelatin density was produced (1,063 + 0,005 g /ml), Holding the temper-
ature at 68-729C helps put the gelatin into solution, The larger stirrer
at high speed mixes the gel solution more uniformly., (For diagram of the
large sample apparatus see Figure 1), Mixing for sharter times (eg % hr,)
gave rise to large deviations in density, apparently due to inhomogenel-
ties,

The large gelatin batch was prepared by firat heating 7.000kg of
demineralized distilled watsr to boiling and then allow it to cool to
about 75°C, Hnough demineralized diastilled water was added to make up
for the water boilel off and then the water was cooled to 70°C, At 70°C,
the gelatin was added slowly in five 350g nortions over a two hour period
to form the 20 par cent solution, 1The teapcrature was kept at 68-729C
to ease mixing and high speed stirring was used to dissolve any clumps
formed, Cinnamon oil (0,35ml) was added as a preservative during mixing,
After mixing, the gelatin solutlon set for 20 minutes to allow the foam
to rise toward the surface, The foam was remcved and the gelatin was
siphoned into polystyrene cups. The cups were sealed with aluminum
foil and placed overnight in the refrigerator. The rext day (13-lk hours
later) the gelatin blocks were placed in constant hwiddity chambers,
Appendix A lists density measurements for some selected typical examplas
of both the small and lrige sample preparation met'.cds,

9,0 Thermal Conductivity

Thermal conductivity is an experimentally measured quantity, By
designing apparatus such that heat flow is one-dimensional, exparimental
design and interpretation is simplified, Our experimental design ap-
proximated one-dimenslonal heat flow by casting polyurethane insulation
tightly around the heat source and gelatir specimen, Figure 2 shows the
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apparatus design, Temperatures on either side of the specimen ure
moasured by iron constanctan thermocouples, The huatl sink is a copper
crucable, filied with melting ice. By keeping the copper crmelbie
filled with ice, its temperature can ba kept constant without gradients
inslde the crucivle, This is particularly isportant once the steady
state is reached, Joule heating is used to uccuratsly put a known quan-
tity of heat psr unit time into the scurcs. ‘he source is & copper
orucible with a resistor imbedded in carbon inside, The crucidle is
ssaled and invertad, The carbon serves to spread out the heat uniformly
and the sopper provides good thermal contact with the gelatin specimen,
Gelatin was prepared Ly the small sample method,

ekt

i

The data for thermal conductivity runs is given in Appendix 2, For
the first run, a 300 ohm resistor was imbadded in the copper crucidle,
The temperature difference betwesn top and tottom of ths gelatin spec-
ime: was 8,89, A 12 V potential was placed across the vesistor, giving
C.480 watts of power. A valus of 0,00089 cal/(sec em®) (°C/ca) was
calculated,

Tnis first run was done to experiment with the proposed technique,
moce than to measure thermal conductivity accurately, Improvements
ware mads in the insulation and the heating unit, For the next run, a
200 ohm resistor was 1 bedded in the copver crucibls heat source, A
12 V potential is again placed across the resistor, The temperatiie
differential of 20,6” was measured, The thermal conductivity calculated
frou this run is 0,00085 cal/ (sec om?) (°C/cm).

The third run was done with exactly the same equipment and condi-
tions, The tempersture differentisl was 19.809. The calculated ther-
mal conductivity here was 0,00081 cal/ (s ¢ eu™) (°C/em).
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The_average thermal conductivity as measured is 0,00085 cal/
(sac ca?) (ggﬁcm). The value far water is 0,0014 cal/ (sec cu?)(°C/cm),10

6,0 Specific Heat

PR

The procedure for measuring the specific heat of 20% gelatin gel has
undergons major amodifications, The initial procedure was to have a gela-
tin sample at one texperature and a bath at a higher teaperature, The
gelatin warms up as the bath cools down, The heat lost by the bath should
equal ths heat gained by the gelatin sample, Sea Appendix C for method
of calculaticn.
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For the first run, ninety grams of gelatin prepared by the small
sample method was cast into a 100 ml beaker, The gelatin and beaker
were allowed to equilibrate at 69 C in the refrigerator, overnight,

: 300 g o7 water (distilled) was placed in a large Dewar flask, The heakar
& with th) gelatin in 1t is placed in the bath suspended by a thin wire

g hanger so that the level of the bath is only 1/2 inch below the 1ip of
the beaker, Temperaturs of the bath and of the gelatin is monitored hy
thermocouples, The Dewar is sealed with a styrofsam 1id which fits down
inside it, The bath water is initially at room temperature, 26,50°C, and
the gelatin block at 6,5°, When equilibrium is established, both the
bath and the gel are at 25° C, Assuming the specific heat of gelatin
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to be constant over the range involved, the specific heat of water could
be used to c¢alculate the specific heat of gelatin, The experiment was
repested using water at 6.5° in a beaker instead of gelatin in the
beaker. This technique showed gelatin tec have 3 specific heat of-

0.344 cal/g/°C. The secord run, done in the exact same wanner gave a
value of 1.06 cal/g/°C, followed by values of 0.843, 1,57, etc. See
Figure 3, class 1.

The first modification in technique was the use of hexane in the
bath instead of water. This allowed us to lmmerse the gelatin blocks
directly in the bath witliout the glass beaker. (See paragraph 7.0 for
the justification of this method), This allowed for faster equilibration.
In this same modification, the Dewar was assumed to have no heat loss
under the temperature gradient of the experiment and in the
time necessary for equilibrium, about 20 minutes. The validity of as-
suming no heat loss through the Dewar rests in an experiment wherc 200 g
of hexane were placed in the Dewar at 4-5° above ambient temperature,
Temperaturce of the solution was monitored over time, and no noticeable
temperature difference was recorded in a 45 minute period. 4lso the
ideca of preconditioning the Dewar to th: hexans: temperature prior to
the run was initiated here. This was to insure that the Dewar is not
taking heat from ths bath.

This method gave values like 1.65, 1.60, 1.18, 1.09, 1,13, .68, etc.
ard offered little improvement over sarlier work as far as reproducibil-
ity and ~onsistency of specific heat values. Sce iigure 3, class 2.
Juring this iime three runs on samples from the same batch of gelatin
gav- a value of 1,1340.,03. This is the greatest precision found between
different samples from the .ne batch. While its precision is high,
the accuracy of this number was in doubt., More runs were undertaken to
prove or disprove this value,

These runs gave valuos like 0,483, 0,340, 1,63, 0,668, etc. See
Figure 3, class 7. New modifications were discussed in the attempt to
get cousistant data.

Preconditioning th: Dewar was abandened besause it was thought to be
ineffective, A sipgnificant modification was to move the entire apparatus
into an underground tunncl at Marvalaud. A ¢hamber in the tunnel, sealed
from the sw.face is at relatively constant temperature and humidity. The
experiment was moved ‘o this underground chamber to minimize effects of
change in room corditions from day to day. The hexane was stored in the
tunnel at tae *vnnel room temperaturp. With these modifications, values
for specific heat in calories/g/°C were 1.04, 0.70, 0.81, etc. See
Figure 3, class 4. The range of values had begun to lesgen At this
point, the gelatin sample temperature was changing 10-12~ but the bath
temperature was changing only 1-2°,  The gel samples welghed 30 g; the
mass of the bath was 30C grams.

In order to increase the temperature change of the bath, two, and
t 1en three samples at a time were immersed in the bath, and the m%ss of
the bath was dpcreased to 200 g£. Bath temperature changes of 5.7  for
two samples (with 130 g of hexane in the bath) and 6. 8° for three samples
(with 200 g of hexane in the bath., ) Values of specific heat of 0.62
cal/g/ C for two thirty gram blocks immersed at the same time, and

i
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0.92 cal/g/oc for three blocks immersed at one time. Later values using
three blocks at a time were 0,86, 0.72, 0.66, 0.68, 0.64, G.77, etc.

See Figure 3, Class 5, TFor these later values, the hexane used ia the
bath was equilibrated at 31" in a constani temperature water bath nrior
to use, The temperature change in the hexane during the run lncreased
to 2 97 change, and the chanrge in gel temperature was about 13, The
gel blocks were alway completely immersed in the hexane which required
about 150 g ¢f hexane,

! On the basis of the last series of runs, those done in the tunnel
chamber using three blocks of gelatin per run, an average value of
0.72 cal/g/°C {for 17 runs averaged) was calculated, with a standard
deviation of 0.08.

To deternine whether the revisions in the small sample preparation
technique significantly altered anything, the specific heat of gelatin
was measured again., Using the same technique (class 5 of specific heat
measurement), the values obtained were 0.69, 0.66, 0.77, 0.53, 0.32, 0.75,
0.72, and 0.69 cal gm C . The average value of these eight points
is 0,64, It is felt the difference is not significant.

7.0 Density Measurement

Archimedean displacement measurement is the simplest method of
volume determination in density measurement, useful especlally for ir-
regular geometry not readily measurable. However, a block of 20%
grlatin- 80% water can not be immersed in water without affecting the
gel hleck. Actually, two processes occur, both osmotic in nature. The
gelatin dissolves in the water, and water 1s taken up by the gelatin
blick. 1t is clear that either of these two processes will change the
density of the gelatin block. Since the gelatin gel is soluble in water,
& seavch wvas conducted to find a liquid that would be totally inert to
the gel; and that had a deu3ity less than the gel. There 1s an organic
chemistry rule of thumb that polar solvents dissolve polar materials. 4
corollary of that is non-polar solvents will not dissolve polar materials.
A gelatin gel is 0% water, a polar substance. Although the large
gelatin molecules are overall neutrally charged or nearly so, they contain
polar groups throughout. Thus it was reasoned, a non-polar solvent sshould
be totally inert to the gelatin block, This was found experimentally to be

polar sol ent is required. Using hexane, we could use the Archimedean dis-
lite ature in which benznne was used for the same purpose.

The hexane used for the Archimedean displacement method of density
measurement. was a mixture of hexanes, mostly n-hexane, obtained as a
reagent grade chemical. Mass in alr and mass immersed in hexane were
recorded. ‘lhe differenc: 1ln thece masses equals the mass of hexane
displaced. By knowing the density of the hexane, the volume of hexane
displaced (which equals volume of gel block) cotld be calculated. The
density of the hexane was determined by measuring the mass of 25.00 ml
of hexane in a volumetric flask. This measurement was done immediately
after the gelatin measurcments. BSignificant changes in hexane density

e
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true for iexane, in alkane commonly ised in chromatographlc work when a non-

placement method for density determination. later, we found a report in the
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can occur if its temparature chung»e very much,

Mass measursaant was done with an analytical balsnce, yet the nasses
£re only recorded to hundredths of a omram, There 1z an important reason
for this, The samples measured wsie storsd prior to méasuremrnt ovar
S0y, (7H20 saturated solution at 6° C, giving a 9%, 5% relative humidity
environment,1¢ (Hygroscopic salt solutions are used 4o coni™0) humidity
8o that it ‘~ constant and reproducible,) When these geiatin samples
vera removed from thelir low teamparature, high humidity environment, they
began to gain in apparent mass at the rate of 5-6 mg/minute, up to a
aaximum pcint and then they lcse apparent mass, Our tezhnique was to
maasurn to the nearest hundredth of a gram in less than itwo minutes,
betore the change in mass becams significant,

Early in the program of density msasurements, two other problemns
were discovered, First, the density or the hexane used gloxly increased
during a 3-4 week period. Second, the hexane density changed during the
neasurement bscanae it was slowly changing temperature, Therefors,
changes were mads in the density measurement procedure,

With respect to the first problem, the denaity of the hexane used
in the initial gelatin density determination increased from 0,6630 g/ml
to 0,6680 z/al during a period of one month, Hexane has & small but
finite sclubility in water, (0,0138 g hexane / 100 g H,0 at 15°C),13
To detarmine whether the change in hexane density was becnuse 2f its
exposure to gelatin during the Archimedean density measurament, the
dangities of saveral gelatin samples and scme hexans were measured and
the gelatin was then stored in the hexane for iwo weeks, The gelatin
was weighed in air and in the hexane in which it was stored, Density
of this same hexane was also measursd. Both the gelatin densitiy and
hexane density were unchanged during the two weeks, Therefore, the
hexane densiiy should not change during the brief ‘ime gelatin is
welghed in liexane, However, just to be sure, thiraafter fiesh rsagent
grade hexane was used each time,

The second problem arises because the gelatin [ stered at 5~79C,
while the density measurement is made at room temperaz.:ye. If Tie hexane
is also stored at 5-70C, then it slowly warms toward room '=.ipavature as
the density measurement is made, If the hexane is stored ai : higher
tenperature, it is slowly cooled by the gelatin as the density reasure-
ment 1s made, To solve this problem, the density of fresh reage.> grade
hexane was measured at several different temperatures and a hevvnas
density~temperature graph plotted, (Figure &) The temperature ! hexans
wag then peasured just as each gelatin block was weighed in i1hs hexans,
The hexans density corresponding to that temperuture was then used for
calculating the gelatin density.

Zsl Change of Density with Composition

Information on how the density changes with coamposition is useful :
in two areas, First, it provides insight on how well the reproducibility
of spsciman preparation can be checked by density msasursments, Second,
it aarves to enable esi\r .cas of water loss in the experiments which
measure change of densit, with time of storag» at constart humidity and d
temparature,

s 2 M e cmimt D e e ;»,j



h P
o
<+
+
o)
0
+
o)
+
ok
0.6710 Legend
T
4 — Density of fresh hexane
o — Density of used hexane
06690, o
0.6670
6 8 10 12 14 16

Temperature %

Figure 4

Hexane Density vs. Yemperature

L it MRS




U S

To eatzblish a plot of density versus weight percent gelatin, wes
chose to measure the density of 5,0, 10,0, 12,5, 15,0, 17.5, 20.0, 22,5,
25,0, 27,5, and 30,0 weight parcent gelatin solutinns, For each,
400-500g gela*in solutions were prepared, About ten samplss were taken
at eadt concen.ration, The densities were messured, aversaged, and the
avers;a density of each batch is plotted in Figure 5 as a function of
its composition, Appendix D gives the details of the data.

Exrors in Pigure 5 may bs assessed as follows, The apparent density
of gelatin can be affsctcd oy the femperature dependence of the hexans
density, Furthermore, the actual dsnaity of the gelatin can be affected
by the amount of foaa removed from a gelatin batch, For example, in the

0,0% gelatin preparation, 4#3g of foam was recovered out of a total of

of water #.d gelatin powder, If one assumes (as a worst case) that

the foaa containas 5% gelatin, the weight percentage of gelatin in the
remaining defoamed solution would be 33%, Similarly, for a 20% gelatin
preparation a maximum of 10g of foam is recovered. Again using the
assumption that the foaa contains 5% gelatin, the remaining solution
uouid be 20,3% gelatin., The hexane density changes 0,000 -~ 0,0010 g
al™l deg™l, "A 2 C° temperature uncertainty implies ar uncertainty in
the dansity of both gelatin solutions of 0,002 g/ml, The errors intro-
duced by foam and the teaperature depend:nce of hexane density can be
represented by the error bars in Figure 5,

7.2 Change of Density with Storage Time

The next and final step in the density work was to monitor changes
in density with time, under constant temperaturs and constant humidity,

The experiment was designed to keep the humidity constant by using
a saturated agqueous calcium chioride solution in a sealed container,
When water is saturated with txhgdrous calcium chloride, the hexahydrate
of calcium chloride (CaCiz .6H20) is formed, At a constant temperature,
the hexahydrate, the saturated water solution, and water vapor will
exist at an equilibtrium pressure, The humidity in the container will
remain constant as long as the three phases exist in the sysiem, and
the teaperaiurs remains constant, 1 Ths three phase system was prepared
by adding 64,0g of anhydrous CaCl, to avery 100g demineralized distilled
water,15 Some solution was then placed in each container; the containers
were sealed, ard placed in the refrigerator. The refrigervator temperaturs
is near 79C, At this temperature, the relative humidity within the con-
tainers was 37-38%, (See Figure 6),

Gelatin was prepared by the large batich preparation method, cast
into blocks, and placed in storage in the refrigerator inside the sealed
constant-humidity containers,

Ten gel blocks wers initially randomly picked from the large batch,
The average initial density of these samples was 1,063 g/ml, The average
deviation was + ,005 g/ml.

The density of gelatin was measured during the naexi seventy days,
Two to four samples were measured at a time to evaluate reproducibility.
The specimens show an increasv in density, wilch undoubtedly stems froam
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the water losi from the gelatin surface, However, the experiment
revealed the presence of a humidity gradient ineide the humidity
chamnbers, There was a differonce in gelatin density depending on

where the sample was placed in the humidity chamber, Each chamber

had two layers, Above the top layer, water had condsnsed on the bot~
tom of the 1lid for the container, effectively placing the uppsr layer
near 100% humidity, The gelatin ist huve effectively masked the top
of the container from the hydroscopic effect of the salt solution
system below, One particulsar container had its lowar level completely
filled with gelatin blocks, The gslatin blocks on its upper lsvel ware
not noticably deformed, indeed, some samples sppeared totally unchunged
after 75 days iu the container, Ancther particular container had only
twvo samples on the lower level with the upper level completely filled.
The sauples on the upper level were defurmed and had acquired a hard
skin on its surface, Their density had increased,

The results were separated into two groups, one for the upper layer
and one for tha lower layer, Ses Figure 7, and Appendix E, The samples
on the lower layer became deformed after only 4 days and thia deforwity
gradually increased with time, The lower layer gelatin first developed
& hard outer skin and then gradually shrank in size and changed from
its initial pale yellow color to a dark amber color, The density of
gelatin on the lower level on day 67 was 1,222 + 0,010 g/ml for four
sanples, This corresponds to a composition of between 80-90 weight per-
cent gelatin, This means 18-2]1 grams of water was lost from a 20% gela-
tin sample with an initial weight of 30 grams,

The density of the top layer gelatin increased slowly after the 28th
day (it remained unchanged for the first 28 days), The average density
for four samples on day 35 vas 1,070 + 0,004 g/ml. The density on day
67 was 1,087 + 0.022 g/ml. The gelatin by day 67 had obtained a plastic
ocuter shell and the color had changed from a pale yeliow to only a more
intenae yellow, The amount of water loss for a 30g gelatin sample on
the upper level was about 2-3 grams during the 67 day period,

A second experimert was conducted with some revisions to sliminate
the problems described for the first experiwent, In the first experiment,
& fine wire acreen was used to shelve the gelatin blocks in each con-
tainer, Foar the szecond, revised, experiment, one~half inch holes were
yunched in the screen so that the ventilation would be improved in each
container, Each container also had only one layer of gelatin for the
second experiment, In the second experiment, tho calcium chloride solu~
tion was prepared as befare, but an additional 15¢ anhydrous CaCl, was
added for every 164g of solution, to insure that the three phrases were
present, Once gelatin was placed in the chambara, the s0lid hexahydrate
slowly went into solution, Therefore, anhydrous calcium chloride was
added each week to maintain the hexahydrate phase,

In the second experiment, the density of gelatin was mezsured during
fifty-eight dare by our Archimedesn displacement method.

The geletin in the first set (Seriss A) was prepared by the large
batch preparation method., Ten samples were measured to determine the
initlal density of the first run., The initial dansity of all the blocks
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was sssumed to be idantical, 1,062+0,00lg/ml, One to three samples
were measured each day, After messurement the sample wus numbered and
put back into the container for occasional later measurements, In
recording, tha gel sample has two numbers, For example, 35-48 would
mean that sample 35 was measured during the 48th day the saample had been
at 37-39%7 relative humidity,

To check the firsi set, a second set, (Series B) was prepared, The
gelatin in this series was made by cur small sample preparation method,
The average initial density of three samples was 1,058+0,002g/ml,

The density changes for runs A and B are similar. The results are
susmarized in Figures 8 snd 9, 2nd Appendices F and G, The density
increase does not seem to be constant but has a spread of values, In
both the A and B series the density increased slowly to about 1,08g/ml
aftar five days. Gelatin density then remained between 1.080-1.0903/!1
for 7-20 days, After this period the density increassd more rapidly,
about 0,008-0,010g/=l per day in both runs, In series A, the density
eventuslly seemsd to reach a limiting maximum density of between 1,310~
1,320g/ul after 40 days, In series B, gelatin density did not seem
to have reached a limiting density, The density of 2-41B was 1,287g/unl.
However, voids developed inside all of the gelatin blocke in series B
after 30 days. This would have little effect cu the gelatin weight, but
would increase the apparent volume and decrease the apparent density of
gelatin, This is noted in Figures 8 and 9,

The gelatin in both runs began to develop a hard outer skin af'ter
3 days and gradually shrank in size, A gel block lost about 19-21
grams of water after 35 days, but only l-2 grams be‘wesn 35-58 days,
This corresponds to an 80-90 percent gelatin concentration by weight.

8,0 Electrical Resistivity

An interesting phenomenon of 20% gelatin gel is its changs in
electrical resistivity with time under the influence of an anplied
field, This phenomenon is qualitatively understandable vhen one con-
siders the mobile ions and readily-remuvable groups in gelatin, Amino,
hydroxyl, and thiol groups aroe preasent as wall as a multitude of hydro-
gen ions, As well, small chain fragments (m,w, up to soveral thousand)
can readily migrate through the gal under the influence of juet a small
field, At first, resistance measurements were made with a fleld-effect-
transistor volt-ohm-meter (FET-VOM), and the observation was made that
resistance, measured that way, changed with time, Soon thereafter, it
was recognized that during the "resistance" measurements, the gelatin
was becoming charged, More descriptiveiy, onu could stop the "resistance"
measurement and then measure significant voltages across the gelatin,
Not only that, but if one were to short out the electrodes across the
gelatin (to “discharge” it) for a few minutes, and then make a voltage
measurexent, thers would still be a significant voltage present, This
voltage would, however, slowly decay with time,

The gelatin was apparently becoming polarized (as well as storing
surface charge) so that it behaved like a low grade electret, A little
considerat. n of what a FET-VOM "resistance” measurement really means
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under itiese circumstances convinces ons that such & measurement is
meaningless, The resistance measurement (meaning the instrument re-
sponee, it based on tihe assumption that the unknown is a pasaive re-
sistive network, not an active network with a battery which increases
in voltage ouiput as the meisurement progresses in time,

8,1 Desizm of the Expsriment

As & rosult of these observations, the eiectrical propertiss ex-
periment was redesigned, 1t was declded to apply a range of fixed known
voltages to the gelatin and to monitor the current it would draw during
this “charging” stage as a function of time, That would establish an
effective resistance as u function of time for a given applied voltage.
Thnan the next step would be to monitor the open circuit voltage decay
charvacteriatic for the electret which was created by charging with this
particular applied voltage,

The expsriment required a voltage source which could provide varying
amounts of current to a load at constant voltage, This was constructed
in ths classic manner using a lead-acid battery and a voltage divider,
See Figure 10, The battery voltage (V) could be either 2 or 6 volts,
In order for the charging voltage (Vc) to be independent of the charging
current (IL), one must ezt the requirement thats

IL<< 12

This is nccomplished by selection of a suitably small value for {R1+R2)
ar, compared to Ry, And, of course, a particular Vg is obtained by suit-
able sslsction of Ry/Rp.

The volvage drop introduced by ths presence of the ammeter was mea-
sured using a subastitution method in separate experiments, In these
experiments for each charging voltage, the gelatin was replaced with a
variable resistor which could be adjusted to get the same Iy that is
neasured during charging. These resistance vaiues (Ro) were then mea-~
sured, The actual voltage drop across the gelatin is then simply calcu-
lated, (I Ro). The voltage drop across the ammeter is then Vg~I Rg.
This was %bund to be small for all the current ranges used, ghe ammeter
was a laboratory grade FET-VOM (Heath IM -104),

Moasurement of the oper . ircuit voltage decay characteristic was
made directly using the zame meter which has an input impedsnce of 107
onis for voltage measurements, Since the R8°a which are messured s
described above nev.r exceedod 105 ohms (4ndeed under most conditions
“hey &re auch less), it is fair to assert that the presence of the meter
i1 net significantly alter the decay charasteristic,

8.2 Exparimental Procedure

It was noted that when measuremants extended over & significunt time
(aa hour) ons could observe a greenish tinge in the gelatin in the
vicinity of the nopper elecirodes, To eliminut the reaction between
the gelaiin and the slectrodo, ws switched to using electrodes which
are polished chromiug-plated stesl, There has been no asign of any
interaction batween these elactrodss and the gelatin,
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The gelatin is cast in a cylindrical geometry and allowed to gel
and equilibrate for at least 4 hours in the refrigerator at about
60-80% relative humidity, The gel cylinder is then removed from its
wold and the thickness and diametor measured, The slectrodes are
cleaned bafors each run with trichloroethylene, then by demineralired
distilled water and dried., The electrodes are placed above and bslow
the gmlatin, A paper towsl is placed upon the upper electrode and a
weight is placed on the plate and towel to keep the gelatin firmly in
contact with the electrodes,

Measurements are conducted with the sample in the refrigerator,
after about half an hour has been ailowad for equilitration, If a re-
run is conducted on a sample, the sample will have been kept undisturbd-

ad (with its electrodes still in place) in the refrigerator between
runs,

8,3 Results and Discussion

Samples are identified alphabetically, and if a measurement 1ls re-
run on a particulax sample, it is indicated numerically, For example,
a plot for K~2 would be a second run on sauple K, Table I lists all
the samples, their dimensions, and their age for various runs, as well
as notes on other details, Some selected plots of the measured data
for a range of charging voltages (from 0,096 to 6,20 volts) are shown
in FMgures 11 through 16. For the complete set of plots which go with
the samples listed in Table I, the reader is referrsd to Figures 6
thru 36 in the Second Quarterly Report for this contract.

Table II lists the individual runus, the measured charging voltage
(Vg), the measured charging current (Ir), the calculated R;, the meas-
ured Ry, the caloulated ILR and a voltage called V., VO s the ap~
parent initial voltage at tge beginning of the voltage decay character-
istic, It is obtained by extrapolating the voltage decay curve bick
to the time at which charging was discontinued, Vq was often measured
before and after a run, and was not found to vary, The current I, (in
Figure 1)) was always greater than 500 ms, satisfying the condition tnat
I;, be much less than I, as can be seen from the values of Iy in Table II.
The value of Ry, listed in the table 's the apparent load resistance of
both the meter and gelatin in series (Figure 10 again) just before
charging is terminated., The values of Rp are either measured directly
(about ten values for each charging voltage) or interpolated from the
measured curves of Ry versus I, The calculated I;Rp should represent
the actual voltage across the gelatin, and must be less than Vg, The
fact that it isn't in all cases has to reflect the size of cumulative
errors in measurements of Vg, Iy, and Rg for each run, In some runs
this appears trivial, but in some, such as E-2 and G-1, it & pears
laxrge,

Several observations can be made with respect to the data, First,
the Ry, of the specimens stays consistently high until Vg approaches
1 to 2 volte, Above this voltage, Ry is low, Figure 17 shows this in
more Lroper form, where the RL has bean converted to resistivity for
each specimen and Vi has been converted to electric field, Field strength
around 0,7 to 1.0 volta/cn apparently begins to btreak bonds in the gelatin,
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Charging Current and Decay Voltage
Characteristics of Sample K2
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Characteristics of Sample X

39

iln o K e Al MOttt T e




Gicaiaideca o s L R T P YT .
’ R ity !l'?!l‘ T YR A AT TR R i PN BT AL AT VI 8
N : cr

G

-1
10 110" -

" | ¥:1.00 Vaits
& salg—' L ¢

o
*
©
o
%

¥

¥ Charging Current “
b - . *e0g00,, . )
! 2110 | L‘..‘....oo. et oo XYY ., . B

bxlo—t | Ce, %
.0 o/’a T

Current (ma)

05110~ ‘e {05010~

0.2x10-!] :hleo~'

0.1 10~ i . - . N 0.1y 10"
P 0 10 20 30 40 50 60

Time (minute,)

Figure 14

: Charging Current and Voltage Decay
o ! Characteristics of Sample R

40

A Tt i

R

Lo

-
Rt il W ST e AT ik o




3 2.08 Volts

oA

Ch
KLIN Oi.f.gll‘l. E gU."lt“

joa; aden

~>

Current (ma)

-

0.5% 102

! L

20 30
Time (mtnates)

Figure 15

Charging Current and Voltage Decay
Characteristics of Sample A




eV S A .‘-r*-,","'»":g'f‘,","‘;"?'.'a:.:‘,u,.,,.h,‘. T ERTIAPY R W RS Bt
[ ]
$
. 45 x 10—!
.. o
'.. e“i
o Y
"4
o //a
< ® ¢C
% ‘e 42 x 10—
[,/
o G o
...  J " ;:
.0 :
— .. oa
L J i —' ~
g 10 0... o.jlllo "
| F
| 3 5V, 650 Volts 405 x 10
|
!
i 2r J0.2 x 10~
i
|
i‘:
& | L N - 0.1 x io—!
% 0 10 20 30 40
; Time (minutes)
: Figure 16

Charging Current and Voltage Decay

Characteristics of Sample T




TABLE II

Summary of Selected Electrical Data and Calculations

Sample Measured Measured Ry = Vg Measured Calculated Measured

Vo I I, Ro I1Ro Vo
A 2,06 volts 3.30 ma 625 ohms 620 ohms 2.04 volts 0,46 volts
B 2.05 " 3'55 n 568 " 588 " 2.09 (1] 0‘52 "
C-1 2,05 " L,00 " 514 " 510 2.04 " O.47 v
c-2 2,05 " 3,95" 51G 516 " 2.03 " 0.50 "
D 2’05 (1] 6.10 " 33? " 332 " 2.03 " 0.55 ot
E-1 2.05 1] 3‘90 " 527 " 523 " 2,04 " 0'?3 "
/ E-2 6.20 " 7.80 " 795 " 829 " 6,48 " 0.72 "
F-1 2,06 " 3,80 " §38 " 5% " 2,03 " 0.55 "
F-2 2,04 " 3.30 " 619 " 620 " 2,046 " 0.56 "
; G-1 6.20 " 4,20 " 1475 " 155 " 6,50 " o.41 "
| J 1,02 " 215ma k730 " 4700 " 1,00 " 0,41 "
| K-1 0.100 ™ L6 " 21750 " 13100 " 0,060 " 0.046 "
i K-2 0.111 * 2,7 " 41200 " 28300 " 0,077 " 0.Co ™
, K-3 0,105 " 2,0 " 52850 " 40000 " 0,080 " 0.045 "
L 0.115 " 5.2 " 22100 " 8500 " 0,044 0.028 "
; M-1 0.510 " 24,5 " 20600 " 18800 " o.46 0.24 "
’ M-2  0.285 " 8.5 " 33600 " 27300 "  0.23 " 0.11 "
: MA 0.298 " 8.4 " 35500 "™ 27800 " 0.23 " 0.14
f N~1  0.297 "  6.35" 46800 " 40200 " 0,25 " 0,18 "
N-2  0.297 " 16.0 " 18500 " 19700 " 0.3 " 0.19
0-1 0.297 " 15,0 " 19400 " 20800 " 0.31 " 0.22 "
0-2 0.291 " 4.0 " 20800 " 22000 " 0,31 " 0.27 "
P 0.297 " 7.0 " 41800 " 35700 "  0.25 " 0,096 "
Q 0.297 7.9 " 37600 " 30200 " Ozl " 0.060 "
R 1.00 " 230" L4450 " 4500 " 1.01 " 0.52 "
S 1.88 " 5.50 ma 342 " 332 " 1.83 " 0.70 o
T 6.10 " 8.8 " 693 700 ¢ 6.16 " 0.83 "
U 0,096 " lalua 67400 " 74400 " 0,082 0.080 "
v 0.099 " 1.05 " 94200 " 85300 " 0.090 " 0.07 "
W 0.098 * 3.7 " 25500 " 16800 " 0.062 " 0,06 "
X O.495 20.5 " 24100 " 24200 " 0.498 " 0.23 "
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Secondly, the voltage decay chari .teristic seems to fall into two
groups, At fields below 0,2 volts/om, the time constant is generally
vary large ( 50,000 sec.), with a few exceptions, At larger fields,
the time constant is generally between 200 and 2000 seconds, again
with some exceptions, Table III shows T for each run and Figure 18

ic a plot of these data, The slopes assigned to each run which were
used to compute U were basedi on the tulk of the data points and tendad
to ignors the initial effects,

Another consistent o servation is that V5 (the voltage across the
gelatin at the beginning of the voltage decay after charging is stopped)
is alvays less than Voo One might expect Vy to be equal to Vg, The
fact that it is not implies that the gelatin must be squivalent to a
circuit that looks like Figure 19, One can then conclude the measured
Rgp 1isted in Table II must be By + Ry, Also, one must conclude that

Vo . By _ Ry

Ve ~ RyfR,  Rg
Therefore one can compute an R3 and an R, for each run in Tabls II,

These are shown in Table IV,

Since the external circuit impedence is so high during the voltage
decay measurements, the voltage decay has to occur by discharge of C
through Ry,

Therefore, the time constant “.¢" discussed previously should be
given byi

T = CRu
This in turn, impliss a C for each | and Ry.

Table V 1ists the result of this calculation both as a capacitance “C%,
and a normalized capacitance "c¢", where

¢c=T/g, farads

¢c= Td farads -cm
Ry A cme
where [ is taken from Table II1
Ry is taken from Table IV
A /5 is taken from Table I

Defining a normalized capacitance this way means it is analogous to
resistivity, It is a measure of a material property, not dependent on
experimental geomeixry., Figure 20 is a plot of "c" versus applied field,
and Figure 21 is a blown up plot of tha lower left portion of Figure 20,
Figure 20 shows that at a field strength of about 0,6 volts/cm, the rorm-
alized capacitance begins to increass, For field over L0 volt/cm, the
material exhibits large (and erratic) normalized capacitancec,
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TABLE ITT
Voltage Decay Characteristics for Various Applied Fields

Sample E (volt/qp) “C (sec)
A 1.33 600
B 1.59 630
Cc~1 1.28 750
c-2 1.28 1380
D l.24 480
E~1 1.25 360
E~2 377 1290
F-1 1.18 1830
F-2 1.18 1170
G-1 3.75 5090
J 0.62 700
K-1 0.071 585
K-2 0,080 -
K-3 0.071 0
L 0.074 795
M-1 0.387 105
M-2 0.224 66
MA 0.183 -0
N-1 0.197 at
N-2 0.197 eb
0-1 0,187 1840
0-2 0.187 1300

1 P 0.162 .o
Q 0.196 78
R 0,604 2090
S 1.3 2340

i T 4,35 1310

; U 0.052 .o

v 0.061 -

; W 0.059 330

} X 0.470 2020
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Decay Time Constant vs. Applied Fieid
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Equivalent Circuit for Gelatin
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TABLE IV

Equivalent Circult Resistances

Sample Ry (ohms) Ry (ohms) Ry/p B3 + R4 (ohnms) ;Q = f*u/(m3 +R)
5 -

A uf3 137 3.5 620 0.221
B 440 143 3,0 588 0.252
c-1 393 117 3.4 510 0.229
c-2 390 126 3.1 516 0.244
D 243 89 2.7 332 0.268
E-1 337 186 1.8 523 0.356
. E-2 733 9 7.7 829 0.116
F-1 388 144 2.7 536 0.269
: F-2 450 170 2.6 620 0.274
f G-1 1448 102 14.2 1550 0.066
| J 2780 1920 1.4 4700 0.410
K-1 7000 6100 1.1 13100 0.465
K-2 18100 10200 1.8 28300 0.1360
K-3 21850 18200 1.2 40050 0.455
L 6500 2200 3.2 8500 0.234
M-1 9800 9000 1.1 18800 0.480
M-2 17000 10300 1.6 27300 0.376
MA 10000 17800 0.56 27800 0.641
N-1 21300 18900 1.1 40200 0.470
N-2 8100 11600 0.70 19700 0,590
i 0-1 5100 15700 0.32 20800 0.755
; 0-2 1600 20400 0.078 22000 0.93
: P 24200 11500 2.1 35700 0.323
Q 24100 6100 4,0 30200 0.202
R 2160 2340 0.92 4500 0.520
S 208 124 1.7 332 0.374
T €05 95 6.4 700 0.136
U 12400 62000 0.20 74400 0.834
\4 27600 57700 0.48 85300 0,676
W 11650 5150 2.3 16800 0.306
X 13000 11200 1.2 24200 0.465
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TABLE V

Capacitance and Normalized Capacitange for Various Applied Fields

Normalized Capacitance
farad - cm
c

Capacitance
(farads)

E (volt)
cm
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The increase must be assoclated with the reaking of bonds by the ap-
plied field, This could, in turn, create smaller arrays more easily
oriented in the electric fleld, with a corresponding increase in the
polarizablility of the material., The electrical properties of the ma-
terial which has been "damaged" by the high field are not particularly
reproducible,

In contrest, Figure 21 shows that a magnified view of the portion
of Figure 20 which is below 0.6 volts/an reveals consistent behavior,
With the exception of one point (saleo L) the normalizsd capacitance
groups around 0,01 farads - cm x em™, This would imply the normalized
capacitance is independent of applied field until the fleld is large
enough to weak bonds, It should be noted that the runs whi ‘a4 show
very large (s ) time constants in Table III do not appear on the plots
of capacitance versus applied field, In these runs, the material be-
havior is not understood, It would seem most reasonable, however, that
those particular time constanis are large because Ry is much larger
than computed rathsr than C being larger than computed,

|
;
!

As mentioned previously, shorting out the electrodes on the gelatin
will not quickly "discharge" the capacitor formed by the polarized gela-
tin, Figure 22 shows a run (G-2) which was the same as those described
previously, except that during the decay mcde, an ammeter was directly
applied to the electrodes and current through the ammeter was recorded,
This was essentially the short-circuit current. Between each current
measurement, the open circuit voltage was monitored, as shown in the
plot,

9,0 Other Properties

9.1 Plezoelectric Effects

Another interest centered on whether a plewoelectric effect exists
in gelatin, Two pairs of electrodes were placed on orthagonal faces
of a rectangular block of gelatin, One palr was stainless steel, the
other palr was chromium plated steel, Glass plates were used to elec-
trically insulate the apparatus from its surroundings., Gelatin was
prepaied by the small sample technigue and cast in luclte molds,

. The plezoelectric voltage (Vp) was measured by a laboratory FET-VQM
(107 imput impedance), The V. was measured between the two stainless
steel electrodes with and witgout a force applied normal to the stain-
less steel electrodes, This process was then repeated when a charging
voltage, V,, was applied through the chromium plated electrodes, creating
& field perpendicular to the applied forece,

Gelatin showed no apparent plezoelectric effect. Only a small volt-

~

age did occur (1-2 millivolts/cm) when a nominal stress of 0,1 lbs, in <
was applied to the gelatin solid and no orthagonal fileld was present.,
When a field (Vo=0,56, 1.9 volts/cm) was applied, the voltage did in-
crease when the same nominal stress was added to the solid, Shunting
the FET-VOM with a 100K resistor, the voltage change was almost non-
existent ( 20 microvolts) when a larger stress (0,2 1b, ifi®) was applied,

Vo, was batween 0,65 and 0,75 volts for the gelatin solid, Vo is the
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apparent initial voltage at the beginning of the voltage decay char-
acteristic of a gelatin sample, as described in section 8.3.

9,2 Electro-optic Effects

Gelatin is stress birefringant and this property was quite useful
in evaluating grip design for mechanical testing, One additional pos~
sibility was that its optical activity was affected by applied electric
fields, The birefringence pattern of a gelatin specimen was found to
be independent of an applied external electric field, This was true
vhether thes external fisld was above or below the critical fisld (around
0.6 volt/cm) which apparently begins to break bonde,

9,3 Ctatic Surface Polarization Effects

It wvas fcund that the gelatin was vecoming polarized without applying
an external field, To observe this behavior, a rectangular block of
gelatin was placed betwsen two chromium plated steel electrodes, Voltage
was measured with the FET-VOM shunted by a 100K resistor across the
terminals, Twenty percent gelatin was prepared and cast into mulds
nade of various materials, stored in the refrigerator and allowed to
set for fifteen minutes at room temperature p.ior to any measureaents,
The six faces of the gelatin solid were labeled, Voltage was measured
across ‘he electrodes when the gelatin solid was positioned in each of
its aix possible orientations with respect to the electrodes. Tne elec-
trodes were placed just firmly enough fo. good contact with the gelatin,
Voltages were measured with respect to the upper electrode relative to
the lower electrode, No slectric fields were applied throughout the
exnariment,

Samples 1 and 2 were 9 day old gelatin cast in lucite molds., In
sample l1-A, the surface was melted away to expose a fresh surface,
Sample 3 was a 19 hour old gelatin block cast in glass, Samples 4 and
5 were prepared and cast lacrgely i~ darkness in cardboard and glass molds
respactively,

The gelatin did possess a definite surface churge, Sea Appendix H,
Each face of the gelatin solid generally had the same surface polarity
when the gelatin was oriented in each of its six positions with respect
to the electrodes, For exaample, from sample 3 each surface in the six
poeitions in contact with the upper electrode would be positive relative
to the opposite surface in contact with the lower electrode, If the
electrodes themsolves were interchanged, a different behavior was obeerved,
A particular surface exhibited the same charge whether the surfuce was
in contact with either electrole., The opposite gelatin surface exhibited
the opposite polarity,

It was decided to test gelatin (sample 5) immersed in hexane, Sample S
poszessad the same characteristics as the other gelatin samples measured
in alr,
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iv,0 Mechanical Properties

10,1 Theoretical

B i . o ael

As a reference point for furthar work, it was decided it would be
useful to examine the classical models for linear viscoelastic behavior
and compare one of them to the experimental behavior of our gelatin in
relatively “static” (low strain rate) testing, In so doing, the in-

adequacy of representing an actual material with a simple model is
fully reccgnized,

R

e

Classically ., viscoelastic materials are taken to exhibit creep,
meaning increasing deformation under sustained load, with the strain
rate depending c1 the stress, Models using springs and dashpots have
been found to be descriptive in characterizing linear viscoelastic be-
havior in uniaxial deformation, The most simple versions of these
nodels ara the Maxwell fluid and the Kelvin solid (or Voight solid).
The former is a spring and dashpot in series; the latter is a spring
and dashpot in parallel, The next level of model sophistication des-
cribing a s0lid is a spring in series with a Kelvin solid, This is
known as & "three parameter solid", or the “standard linear material",
One can then proceed to a “four parameter solid", which is two Kelvin
solids in series,

It wvas decided that the disadvantage of the increased analytical
complexity of the latter more than outweighed iis advantages. The
“three parameter solid" was selected as a model (Figure 23), The fol-
lowing discussion of the details of this “°d°11%§ based on Flugge's
excellent exposition (with minor corcections).

The three paramster solid is characterized by a constitutive
equation of the forms

[ ]

Ta V‘O." = ?, e+ q.¢ (equation 1)

where E}. qﬁ. and qq are the three parameters which describe the
material, Note that p;, has the dimensions of time, q; has the dimen-
sions of stress/strain, ana q1 has the dimensions of stress-time/strain.
It turnrs out that they must satisfy the relationt

Q> P9,

1f the constants of the component parts (1, 2, and 3 in Figure 23) of
the model are to be real and positive, The behavior of the three para-
meter 80lid can be charrcterized by an imaginary test in swhich first a
constant stress is applied instantaneously and the material is allowed
to deform uniaxially, followed by arresting the deformation at a parti-
cular strain and allowing the stress to relax, Diagrams of stress versus
time and strain versus time for such a test are schematically indica’ed
1 Wigures 24 and 25, Imagine in the test that a constant stress,t, ,
. is imposed at t=0, The saories spring “1" (Figure 23) permits an in-

Sy stantaneous elastic strain, &,, followed by a gradual increase in

R elastic strain by the assembly of spring "2" and dashpot "3%, This re-

' sponce is termed “delayed elasticity”, and is shown by the representation
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of strain between t=0 and t=t; in Figure 25, At t=t;, the strain is
fixed at €, from then on, and the stress is monitored as it exhibits re-
laxation with increasing time, as shown in Figure 24,

The strain for the imaginary test shown in Figures 24 and 25 can be
obtained by applying the appropriate initial conditione to the solution
to equation (1), and it can be expressed as follows:

€(t) = 9o Il“sl'plqog] e -qot/ql (equation 2)

L e
Note thats
at t=0, €, = S ( _i’_]_._ (equation 3)
1
or O: = ‘?'/ﬂ éo = E. éo
So that

EyZ a
o= %1/ P (equation &)

Equation (4) is by definition an "elastic modulus for instant
elasticity",

Similarly,
1 tmab ti
a . §° - rO/qo (equation 5)
o 0= bz Epbs
So that E, zq, (equation 6)

Equation (6) is by definition an "asymptotic elastic modulus for
delayed elasticity",

The stress for the imaginary test shown in Figures 24 and 25 can
also be found by applying appropriate boundary conditions to the solu-
tion for the constitutive equation (eqn. 1), and it can be expressed
as followss

for os{sé' j T=ag (equation 7)
-G-t)
-(¢-t) ~

wmartong—

fm‘é-‘fé“’jO’:_?_é.(l—e. )+ o,e ©
Note that at t= &

. « E (equation 8)
U; = ;o ec E-béc 1
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So that E_ = q, (squation 9)

which is consintant with the definition of E_ given in equation (6).

In Pigurs 24, the time t, can be computed by evaluating the time
derivative of equation (7). One obtains the relations

ey "3

I
- "@: - o) (using equation 8)

i
Setting this equal to the geometric slope in Figure 24

-t:q-o"%) - - (0"~0_;\
ta- t, ?

Solving for t,
tp =ty + 3y (equation 10)

Similari;, in Figure 25, the time t, can bc computed by evaluating
the time derivative of equation (2)”at t=0, One obtains the relationt

eley= 2 (. Bl
&Lo) 3‘(\ %L\

Setting this equal to tho geometric slope in Figure 25, and using
equations (3) and (5)s

(PR} . oo | w(FE)
4‘ ?‘ t5- °© ts
Solving for t3«
ty = kY (equation 11)

Equations 3, 5, 8, 10, and 11 all relate the experimentally measurs-

able quantitiesd; ,€,, &, , t., t2y and U,, with the three material

paramsters, q,, q;» and py. Since it is let that €, (and therefore t
cannot be as accurately dd3termined as the other quantities, equations
3, 8, and 11 represant 3 independent equations which would be beat to

determine qg, Q3 and Py e
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If one applies a step stress, O, , to the material at t=0, then in
general one can define a function J(t} such that

€)= T, 3/&) (equation 12)

where J(t) is a monotomically increasing function which by definition
is the crsep compliance, Similarly, if one has a stress avplied to the
raterial such that some strain€; has been obtained at a time t=t,,

and if at t; one fixes the strain at €;, then in general one can
define a function

G (t=ty) = €, Y(t=ty) (equation 13)
And the function "Y” is by definition the stress relaxation modulus,

The functions “Y" and “J* are connected through their La Place
Transforms by the relation

Tes) V(;) = Vst (equation 14)

-st
Ts) = ?.J/lﬂ e dt
Yos ( Yty e dt

For a three paramcter solid,

o e\t $o/a )¢
ﬂb\g_\l-c-,@ 'f') - = (l - ;.L 1‘) ) (equation 15)
3 7
-t -t
and Y“'\ = l‘é-'a 4' + z. (i-e P‘) (equation 16)
10,2 B ental

After some initisl false starts on tensile specimen geometry, the
geometry shown in Figure 26 was chosen, This specimen has a 4" gauge
length and a 1" x 1" cross section in the gauge section of the specimen,
An aluminunm master specimern was machined with precision, This served
as a positive for casting many permanent molds with polystyrene, The
polystyrene molds accurately replicated the shape of the master specimen,
The two flat faces of the molds were sealed with glass plates, and gela-~
tin was cast into these molds through a hole in one of the grip ends
(the top while casting), After the sneciaen had gelled, the glass plates
were removed and the specimen lifted from the mold.

Initial tests used to evaluate preliminary tensile specimen geometiries
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demonstrated that the gelatin undergoes plastic deformation (mep) at
low strain rates, It quickly became apparent that this behavior, (not
allowed forin he developmsnt of the classical theoretical model dis-
cussed in section 10,1), would limit the usefulness of the model de-
scribed in section 10,1,

10,2,1 Quasi-Static Tests

Several gelatin specinmens were hung Ireely with a grip attached to
each end, Small weights of 1-5 lbs, were aided to the lower grip. The
specimen was allowed to deform over a period aof time due to the effect
of its own weight and the added weight, The temperature was constant
during the test, If tha specimen fractured, the weight of the gelatin
below the point of fracture, the grip weight, and the added welght were
combined to measure the fracture stress, If the combined stresses were
smaller than some minimum fracture stress, the specimen would not frac-
ture in tests up to 120 hours, Tests were not run beyond that time,

The quasi-static fracture stress was between 5,7-6,1 lb/i.n2 at 10°c,
See Table VI, The 6°C tests showed the threshold fracture stress found
at 109C is certainly temperature dependent.

Table VI

Quasi-Static Stress versus Time

Sample Stress(psi) Time(hrs, ) Temp, (°C) Comments
A 9.8 less than 48 hrs, 6.0 fracture
B 8,8 " 6.0 fracture
C 7.7 " 6,0 fracture
D 8.7 " 10 fracture
E 6.3 1.5 10 fracture
F 5.4 96 12,2 No fracture
G 5.7 120 1¢,0 No fracture
H 6.1 24 10,0 fracture

10,2,2 011 Cylinder Tests

10,2,2,1 Apparatus

One of our objectives was to observe the properties of gelatin over :
a wide range of strain rates, Four different apparatus modifications ;




were used to study this ranget an oil cylindesr test, an air cylinder
test, a drop welght test, and a gas gun test,

A pneumatic-hydraulic double acting cylinder (Flairline F-24" x 8")
was used to deform gelatin specimens in the oil cylinder tenslle tests,
A framework and naekfold system incorporating the cylinder was built,
Strain rates of 10~ - 0,1/sec wers measured when oil was used in the
cylinder., A lever arrangement was later added onto the system increasing
the stroke produced by the cylinder from 8 to 12 inches. The tenslle
specimens were cast in glass and polystryrene molds, Small metal rings
(3/4" 1.D.) were placed in the grip sections of the specimens to stiffen
the gelatin insidse the grip sections. Without the rings, a gelatin
tensile specimen could not be pulled to fracture without the specimen
slipping out of the grips, The responses from the load cell and clip
gauge were recorded on Foxvoro Dynalog recoxrders,

Both the clip gauge and the load cell for the experiments were
custom built, The load cell consisted of two equivalent rectangular
phocphior-bronze strips, The strips were given similar curvatures and
were soldered rigidly into end plates, A strain gauge was glued firmly
to the interior surface of one strip and one to the outer surface of
the other strip, The strain gauges vary thelr resistance when the
strips are compressed or extended under load - one resistance is de-
creased, the other resistance is increased, Thls arrangement doubles
the response of the recorder as compared to that for a single strain
gauge, A clip gauge consisted of only one curved phosphor-tronze strip
with one strain gauge glued firmly to each side.

The clip gauge and load cell were caliltrated frequently, and the
calibrations were found to be generally stable for both,

10,2,2,2 Results

The oil cylinder tests are summarized in Table VII, BEach test was
plotted with enginecring stress on the ordinate and the ongineering strain
on the abscissa, The engineering stress is the load divided by the orig-
inal cross-sectional area of the gauge length, which for all the tenslle
specimens was 1,0 in2, The engineering strain was calculated by dividing
the elongation in inches by the initial gauge length which was 4,0 inches,
The engineering strain rate was calculated by dividing crosshead velocity
by the initial gauge length of 4,0 inches. The stress and strain dis-
cussed in this report will always refer to engineering stress and engineer-
ing strain,

In the plots of strain rates of 5 - 8 x 10"%#/sec (Figures 27 and 28),
the modulus began to decrease at an engineering strain of about 0.17.
Creep was probably responsible for this behavior, At the strain rate of
2.2x10-3/sec, the stross-strain curve for Sample R (Figure 29) was linear
nearly up to fracture, The visco-elastic transition strain rate was
betwsen 8x10~%* -2,x10-3/sec, Sample R had passed beyond this transition
strain rate, Creep was not an appreciable part of the total strain for
strain rates above the transitlon strain rate,
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As the strein rats increased, the peak stress on the specimens before
fracture increased. Figure 30 shows peak stress plotted on the ordinate
and stralu rate plotted logarithmically on the abscissa, The gelatin
specimen fractured within a range of stresses at a particular strain rate,

As the nominal strain rate increased, the strain of the gelatin
specimen at fracture generally increased., See Figure 31, Having compared
tests at the same strain rate but different temperatures, the lower temw
perature tests fractured at higher strains. The 6.0°C tests fractured
at & naminal strain of 1,0-1.15 at strain rates betwsen 3x10~3/sec and
2.5x10-2/sec, Specimens at 109C fractured at strains of 0,30-1.10 for
strain rates between 5x10-%/sec and 9x10-2/sec.

e elastic modulus, E, was 29 psi at strain rates between 5 and
8x10="/sec. See Figure 32, The elastic modulus for each of the tests
was caloulated by measuring the initial slope of the stress-strain curve
through the point where the specimen was under zero stress. The elgstic
modulus at 109C tended to decrease from strain rates of about 4x10~7/sec
to a minimum at a strain rate of about 9x10-</sec. Young's modulus for
69C tests were lower than tests at 100C,

L SRR s ¥ A st iR i A il S

The stress~strain plots of the remaining oil cylinder tests can be
found in Figures 33 through 49, Several tests are grouped together when
they have similar straln rates,

10,2,3 Alr Cylinder Tests

10,2.3,1 Apparatus

A double-acting air cylind  (WABCO-L3W-1i"x16") was used for the air
cylinder tests. The cylinder wau mounted on a frame and the spscimens
were mounted on a crossbeam in line with the cylinder rod. Compressed
air (90psi capacity) was used to drive the cylinder. The piston valocity
was controlled by altering the input air pressure or adjusting a valve
oonstriction on the input air line. Strain rates of 0.025/sec to 5.1/sec
were measured with the air cylinder. At higher strain rates, the limita-
tion of response time on the Foxboro recorders made it necessary to use
an oscilloscope (Tektronics 545A with a Type Q plug~in unit) and a timer
(Transitor Specialities Model 385-R). The oscilloscope displayed load
versus time directly. The oscilloscope was calibrated before each run
by hanging a known weight on the load cell. The strain rate was obtained
by measuring the time interval for the moving grip to traverse a known
distance during the actual test (while under loadg.

A¢ higher strain rates (9,50/sec) the gelatin specimen would slip
completely out of the grips used previously. After trying several ap-
proaches, it was declded to incorporats the grips into the gelatin directly.
A short plecs of 4" rod was cut to fit across the widest part of the grip
section., A pilece of terry clo*h was draped across the rod and a clip was ;
slipped over both the terry cloth and rod. The clips were 5/8" I.D. i
tubing as .ong as the rod and with %" longitudinal slots cut into them. i
A second piece of terry cloth was draped over the clip. The four ‘
resulting terry cloth strips extended down into the gauge section, and
wore separated from each other (with small rolls of paper) to maximize
the gelatin-cloth adhesion.
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After the gelatin was cast and gelled, the short rod wes replaced
with & longer rod, which provided stub ends for securing the specimen
in the various test configurations,

The ¢ .atin specimens were kept at refrigerator teaperature for
one day _.clor to testing, Each specimen was then taken out of the
refrigerator and the test was run within 2 minutes to prevent the gela-
tin from warming excessively.

10,2,3,2 Results

The air cylinder test results are summarized in Tables VIII and IX,
The air cylinder datu was divided into tests recorded by the Foxboro
recorders and tests recorded by the oscilloscope and timerx,

Peak stress continued to increase with increasing nominal strain
rates, ‘The peak stress prior to fracture increased roughly 20 psi as the
strain rate increased tenfold, See Figure 50,

The strain at fracture also increased as the strain rate increased,
Ses Table VIII, The strain was 1,1 at a strain rate of 0,025/sec, 1,6
at a strain rate of 0,14/sec, and 2,0 at a strain rate of 0,51/sec,

The modulus of elasticity decreased to the range of 12 to 20 psi
at nominal strain rates between 0,1/sec and 1,0/sec, This represented
a minimum when compared to the elastic modull of the oil tests and sub-
sequent air tests, Ses Figure 51, In these tests the gelatin specimens
contained metal rings in the grip sections to improve the rigidity of
the grip seotions, Stress and strain were plotted simultaneously on
two Foxboro Dynalog recorders, The slope of the initial stress-strain
curve was isasured to calculate the elastic modulus,

Observing the curves for Samples 2-G to 2-N (Figures 52 to 57) the
initial elastic modulus appeared to be constant tu a strain of about
0,50, From that point the elastic modulus approximately doubled and the
modulis appeared to rexiin constent at its new value,

It must be kept in mind that the air cylinder test was a “soft test
machine” test, The air in the cylinder was compressible allowing for a
decreasing strain rate as an opposing force, in this case from the gelu-~
tin specimen, increased,

The elastic wmodulus for the air cylinder test within a strain rate of

1.0/sec to 5.0/soc was bstween 31-50 psi, In nll these tests the new grips
which we embedded in the gelatin specimen were used, The stress and strain
were measurod by the oscilloscope and timer, The strain rate acquired from
the timing measurement was used as though it was a "hax\l" test measurement
although the air test was actually a "soft” test, To calculate the strain

at fracture, the pr. uct of the crosshead velonity and rise time was di-

vided by the gauge length (% in,), Rise time =8 the time interval between

zero stress and peak stress on the stress-tim¢ curve, Sea Figures 58
through 61, Since the strain rate wss larger than the viscoslastic tran~
sition velocity, the stress-strain curve was assumed to be linear, The
elastic modulus for the oscilloscope tests ias calculated by dividing the

q
!
a
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Fizure 58:

Stress vs. Time - Air Tests 31,32 and 34
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psak stress by the calculated sirain ai fracture,

10,2,% Drop Veight Tests

10,2,4,1 Apparatus

In the drop weight test two gelatin specimena were fractured simul-
tanecusly by dropping 2 large weight from various heights, Since the
height varied from 1 to 25 feet, the tast was conducted outside thes lab
on cooler days during the spring. Four concrete pillars were erscted
to support the experiment, Two gelatin specimens were ussd for each test;
one for the atresa~time measurement, and one as s dummy to provide load-
ing symmetry. A gelatin specimen was hung from a crossbeam between each
Pair of pillars, One of the crossbexms waes instrumented with a load cell
in the form of a simply supported bsam with an array of strain gaugos at-
tached. The lower grip of each specimen was attached to a heavy angle
iron which was horizontally disposed betwsen the twe pairs of pillars
such that the dropping weight would impact on it at its center, Tha
weight of this angle iron was carried befors impact by hanging it from
light strings which btroke on impact., The four strain gauge load cell
output was appcopriately connected to a Tektronics 545B oscilloscops
with a Type Q plug-in unit, Calibration was checked before each test

: ; %y hanging a known weigut from the load cell, The 120 1lb, drop weight
& : Was raised to a neasured distance above the angle iron bar, two specimens
é; removed from tho refrigerator and affixed in the grips, and the test was
N : run immediately, usually in less than a minute after the specimens casme
£ j out of the refrigerator. All specimens were used one day after they were
g . cast, The data ottained were in the form of & stress-time curve imme-
diately following ispact of the 120 1lb, weight., The velocity of the
weight at impact was accurately known by aalculaticn, and since its
kinetic energy was far in excesa of the work required to break the spec-

imen, the experiment could be considered a “conctant crosshead velocity™
or a "hard test machine" test,

10,2,4,2 Results

SEHEY

(R i aEES AN R D

B The results {rom the drop weight tesis are summarized in Figures 62
- through 64 and are shown in Figures 65 through 68 and in Table X, The
P peak stress continued to increase as the sirain rate became larger, See
o Figure 62, The strain of the gelatin at fracture decreased from 2.4 to
1,0 between the strain rates of 24/sec and 48/sec, See Figure 63, The
fracture strain then romainsl nearly constant betwsen the strain rates
of UB8/sec and 120/sec, The strain of 2,4 at 24/sec was roughly equal to
the msasured strain of 1,9-2,) found ir the &ir cylinder tests at a
strain rate of 0,78/sec.

;g; The elastic mcdulus at 24/sec was nearly equal to the moduli of the

alr cylinder tests, See Figure 64, The modulus increased from 50 psi 2
to 160 psi when the strain rate increased from 24/sec to 48/sec. The g
elaatic modulus, E, continued to increase as the strain rate became larger, 3
reaching 225 psi at 120/sec,

N 2
=

W
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10.2,5 Gag Gun Tests

10,2,5:1 Apparatus

The gelatin spacimens wers stretched to fracture by hitting a sst of
movable zrips with & zteel projectils fired from a compressed s gun,
Liks the drop weight tests, two gelatin mpecimens were troken during
sach tast run, but the streas-time curve was only observed on one sample,
The pre jectile was a 2" long, 1" diameter cylinder moving at velocities
from 250-650 ft/sec. The load csll was comnected to tiie oscilluscope as
in the drop weight tests, Tha load cell was calibrated each tiae befors
A teat run, The gslatin specimens were taken out of the refrigerator,
Pisced in the grip ard the tost was run immediately, The pzak stress
and the rise time, t4, wure obtuined for each run,

The assx of e cjectile was 1 1b, and the mass of the novable
grips was 3 1b, If one assumos an elastic c.llisicn between the two, then
oconservaticn ol anergy and conssvvation of momentur require that the grips
move with oue rall the projectile velocity {see Appendix I), This result
was used to vomput~ crosshead velocities for known (measured) projectile
velocitiesa,

10,2, 5,2 Results

The resulte of thr. gun test axre shown in Table XI, The peak stress
continued 30 inciinze as the strain rats was increased, See Figuve 69,
The gun test im classifiod as & "hurd test machine" test (irw.ead ot
soft) becaume the energy required to Mracture the specimon 1s so much leis
than the kinetic energy availsble, The slastic modulus appearei to in-
crease linearly as the strain rate inoreased, but the modulus was much
lowsr than the nreceding drop weight moduli, {beiween 15-46 psi cver the
test rangs), See Figure 70, The modulus was calculated by dividing the
product of the cauge length and the peak stress bty the product of the
arosshead velocity and the riue tims, The rise tims, ty, is the time of
fracture deterwined from ths stress-time curve, Iindividval stresa-timc
curves are shown in Figures 71 through 73,

19,2,5 Comparison of Results

Peak stress increased when the sf.ruﬁ rats became larger, A siress
of 9.5 psi fractured a specimen at 8x10=*/sec wheureas 160 psi was re-
quired for fracture at a strain rata of $75/sec, See Flgure 7h,

Strain at fracture inoreassd from 0,50 to 2,4 as thoe strain rate went
from 5:10"‘"’/sec to 24/sec, See Figures 31 and 63, A sharp declins in
fracture strain occurred from 2.4 to 0,5 when the strain rate went from
2l4/sec to 48/sec,

The elastic modulus did not show a clear and simplu trend as the
strain rate increassd, See Figure 7;. The elastic aodulus decreased as
the strain rate increased from 4x10~3/sec to 6x10~l1/sec, The modulus re-
mained at about 30-50 psi from strain rates of 1,9/ /se” to 24/sec, A sharp
incroese in the elastic modulus occurred between 24/sec to 48/sec in the
drop weight tests, and continued to increase to an apparent peak of 225 psi
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at a strain rate of 120/sec. The elastic moduli (15-46 psi) of the gun
tests were much less than the elastic moduli of ths drop weight tests.

10,2,7 Fracture Surfaces

Wheri tensile specimens fractured at strain rates below 2:10“2/uc.
the fracture surface exhibited very fins striatione radiaiing from the
point of crack initiation. Thea presence of the fine strntigns caused
a diffusely reflecting surface. At straln rates above 2x10°</sec, a
aaocoth glassy surface appeared in the portion of the fracture surface
which fractured last, This glassy surface was free of striations and
vas a specular reflecting surface, As the strain rate increased furthex,
the portion occupied ty the glassy surface bdecame larger until it covered
the entire fracture surface. It is failr to assume the glassy surface
characterised the higher velocities of ocrack propogation,

; 10,2,8 Ultrasonic Wave Velooity

The ultrasonic propoga veloocity in gelatin, V, was measured,
By the general relation V =[k/P, Young's modulus ocould be caloulated
from the velocity using the gelatin density,

oy e e

The tests were performed with a Model 6600 Matec Pulse Modulator
and Receiver with a Matec Model 9508 RF Plug-in Unit, A 1,0"x0,5"
Aerotech Gamma 2,25 MH: <transducer was used, Tzble XII shows ths

At e b e

results,
‘ Table XII Ultrasonic Test Results
! Run n a t v
No, (intervals) (em) (M sec) (cufu set)
: 2 2,555 32,5 0,157
2 2 2,675 35,0 0,153
3 L 8,892 230 0.155
b s 8.892 337.5 0,158

V> = 0,1% onﬂx 860 = 1,56 x 107 cx/sec
1,060 g/om3

E = pv? = (1,060 g/cad) (1,56x105 cu/sec)? ;

i
|

Although the meaning of strain rate is not clear for this typs of
excitation;, the fact that the excitation occurred at 2,25 MHz 4implies
that the modulus calculated in this fashion in some way represents the :
limit of high strain rate. ;‘

125




L e B E AN 47 = i et . bt snin.

10,2.9 Shear Tests

10,2.9,1 Apparatus

The shear specimen consisted of a thin gelatin sheet bonded between

two overlapping metal plates. The gelatin spacimen was about 1/8" thick
and 1" square, See Figure 76. The metal plates were sanded to leave a
fresh metal surface and then thoroughly washed in detergent and water to
degrease the metal surface. Unfinished leather was first bonded to the
metal plates with contact cement, Duco cement, or epoxy cement and allowed
to dry completely. The leathered plates were properly overlapped and
spaced in palrs before gelatin was cast between them and refrigerated.
The contact cement and the Duco cement prematurely failed between the
plates and thc leather when a sufficient force (10 lb.) was applied.
The epoxy cement produced a suitable shear specimen. The leather, how-
ever, was not a rigid material; it deformed under the application of a
shear stress., The strain measured in a shear test using leather was a
combination of leather straln and gelatin strain,

When 1/8" gelatin layers were bonded to freshly cleaned metal plates
with Bastman 910 adhesive (methyl-2-cyanoacrylate), the gelatin sheared
without the failure of the gelatin-metal bond. The only strain measured
in this case was the strain in the gelatin. The drying time for the
Eastman 910 was only a few minutes. The shear specimens used for data
were then made using Bastman 910,

The shear specimen was placed in slotted grips on the oil cylinder
test apparatus. The specimens were pulled longitudinally, A clip gauge
was fastened to each plate, bridging the gelatin., The stress was m.as-~
ured by the simple beam load cell described previously. Stress and strain
were recorded on Foxboro Dynalog recorders. The specimens were itaken out
of the refrigerator and pulled within 2 minutes so that the gelatin
temperature was between 5-10°C,

10,2,9.2 Results

Flgures 77 through 87 and Table XIII show the results of the shear
tests., Shear strain is equal to the displacement, 1, divided by the
thickness of the gelatin shear specimen. The shear stress is the shear
load divided by the specimen area. The shear modulus for each test was
calculated from the initial slope of the stress~strain curve. The strain
rate was calculated by dividing the strain at some point along the initial
slope of the stress-straln curve by the corresponding time found on the
strain~time curve,

All shear ‘ests were conducted with specimens made by using Eastman
910, The shear modulus varied from 4.2 to 23 psi. Figures 88 and 89 shcw
shear modulus versus shear strain rate and shear modulus versus peak shear
stress respectively.

10,2.10 Coefficient of Frictiorn

The coefficient of rolling friction was measured experimentally
using two smooth gelatin wheels rotated in contact with one another,
Two seven foot strips of gelatin were placed around the rims of two
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ticycle wheels, Both wheols wers f£res ‘Lo rotate about thisir owmn axdes,
The axle of one wheel was held rigidly in place shile the other wheel
was allowed to move in its plene of rotation using a hingeld mounting
arrangemssnt, Placing weights on the movesble whosl mowiing Cramewrk
noult{ oreate & knowm normal Zoroe at the point of vontact with the fixed
*3:. wheel,

By accounting for the energy losses when A knows energy was pliced
ir.to the system, the rolling coefficient of fricticn could bte calculated,
A known energy input was created by letting known usights drop through
known diastances while doing work causing the wihoel o rotats, On each
wheel, a fishing cord was tied to a weight and fitteu .u a alot arvund
a pulley mounted on the wheel, The total work, W, done on esth wheel
, by dropping the weight is the energy input on that whoasl,

The axalysis in Appendix J shous that merely lmowing the total nus-
ber of revolutions the wheels make Before stopping is enough to deter-
mine the coefficient of rolling friction (if the same is known for the
wheels vhen they are not ia contact), Tatle XIV sumsmarises ths results,
The rolling coefficient of friction ranged frem 0,0l142 to 0,035,

Table XIV Coefficient of Rolling Friction

Test m N Gelatin

n w q  con

: No. (1bv) (1b) (rev) (£t-1b)  (f£¢-1b) m:ﬁ) /“ron

1 1.3 3.3 14 2,84 9% 2,62 0,0152

2 1.3 3.3 14,5 2,84 9% 2,62 0,0142

: 3 1.3 6.8 6425 2,84 95 3,06 0,0185

; 5 1.3 10,0 3,67 2,84 96 7,12 0,0222

: 13 3.3 I 4 22,33 7.2 161 2,62 0,0184

: 14 3.3 4 22,25 7.2 161 2,62 0,0184

} ; 1 3.3 6.8 8,5 7.2 161 3.06 0,0351

: 12 3.3 6.8 8.75 7.2 161 3,06 0,0341

: 6 3.3 10,0 9.5 7.2 161 3,12 0,0212

1 7 1.3 10,0 9,25 7.2 161 3,12 0,0218

| 8 3.3 14,5 k4,67 7.2 161 3.32  0,0301 |
1 9 3.3 14,8 4,s 7.2 161 3,32 0,0313 1
} 10 5.3 14,8 6,67 7.2 198 3.32 0,0339 ]

11,0 Conclurions

A nor’nal value for density of the 20% gelatin is 1,060 gn/ul, When b
stored at 79C in 37-38% humidity, the density incresses slowly for 7 to i
20 dayx, rising to 1,090 g/ml, After that, it increases 0,008 to 0,010
g/ml per day. There seems to bo a limiting maximum density of 1.310 to
1,320 g/al after 4O days, T:!s range corresponds to roughly 80-90% gela-
tin by weight,

A nominal value for thermal conductiyity is 8,5x10~% cal sec~106-lcu-],
The average specific heat is 0,72 cal g~ %¢c™+, The gelatin can be

el
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charastarised by an equivalent vassive d:}rcult in which thers is &
speclfic capacitance of 0,01 farad-cm/om” if the applied fiald 1s less
than 0,6 volis/cu, Above this, the field apparently btreaks bonds,
causing electrical properties to changes radically. Below the critical
field, the specific capacitance appears indeperdent of applied field.

Fracture s smméritolwpciomumpofatrdn
rates from 5x10~%sec=l to 975 sec=l, Rlastic modulii varied from 12 pei
to 225 psl over the same range of strain ratss,

Shear stress at t{u.otm varied froa 2,6 psi to 15.2 psi over strain
rates from 8x10~3sec~l to O.4sec™l, The shear modulii varied from 4,2
psi to 23 pal over the same range of sirain rates, Fracture strains in
tensile tests ranged from 0,72 to 2,4 ovar the ranges of strain rates
investigated,

A viscoelastic transition 1s found between strain rates of 8x10~
sec~l and 2x10~3sec=l, An ultrasonic wave veloocity of 1,56x105 ca/sec
wus measured at 2,25%MH , with a corresponding elastic modulus of
3.,77105 pal, The cosfficient of rolling friction is between 1.4x102
and 3, 5x107¢,

No pileszoslectric behavior was observed, Application of fields
both above and below the critical field strength did not alter the
siress birefringence of the gelatin, A surface polarisation exists on
the gelatin, but the effect is small (a few uv), Fracture surfaces change
from diffuse reflectors to specular reflectors as the crack propagation
rate increasesa,
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' APPENDIX A E
DENSITY OF 20% GELATIN ;
S Type of Density (g/ml) Avg. Avg. !
\ Preparation Measurements Deviation
o ¥0.005

Large - 8750¢g 1,059, 1.060 1,063
: 1.059, 1,058
1,094, 1,058
1,058, 1.058

‘ i
£ ; 1.061, 1.058
- i Small - 500g 1,056, 1.058 1.058 ¥ o.001
é 1.059, 1.060
i 1,060, 1.060
1,057, 1.057
Small - 500g 1,058, 1.058 1.058 ¥ 0.001
g 1.057, 1.057
j 1,058
| Small - 500g 1,060, 1.061 1.060 T 0.001
: 1,060, 1.061 ;
1,060, 1.060 :
A 10059, 10060
4 !
o
|
i i
;
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APPENDIX B

THERMAL CONDUCTIVITY

Aun 1 8/6/73

Vel2V

D = 5,30 ohms

radius of gelatin specimeu 1.94 cm
thickness of gelatin specimen 0.814 cm
temp. of specimen aga‘nst source 10,80¢C
temp. of specimen against sink 2,00
temp, diff. across sample 8,80¢C

Powers = I2R = V2/R = 14l V2/300 ohms = 0.480 watts

thermal o 0.480 watts 0.814 cm
conductivity 4,184 watts sec (1.94 cm)2 (8.80¢)
calorie

T.C. = 0.000895 cal/(sec cml) (°C/cm)

Run 2 8/27/73

V = 12V

R = 200 ohms

radius of gelatin specimen 2.03 cm
thickness of gelatin specimen 1.32 cm
temp. of specimen against source 20.60°C
temp. of specimen against sink 0.0g
temp. diff, across sample 20.6°C

Power = I°R = V°/R = 144V°/200 ohms  J.720 watts

thermal _ 0.720 watts (1.32 cm)
cordiuctivity  4.184 watts sec (2.03 en)* (20.6°C)

calorie
T.C. = 0.000851 cal/(sec cn?) (°C/cm)

Run 3 8/28/7

V=12 V

R = 200 ohms

radius of gelatin specimen 2.08 cm
thickness of gelatin specimen 1.26 em
temp. of specimen against source 19.8°C
temp. of specimen against sink 0.0°
temp. diff. across sample 19.8°C

Power = VZ/R = 144 V2/200 ohms = 0,720 watts

thermal = 0,720 watts (1.26 cm)
conductivity  4.318L watts sec (2.08 cm)* (19.8°C)
calorie

T.C. = 0,000806 cal/(sec cm2) (°c/cm)
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/.. APPENDIX C
f SPECIFIC HEAT CALCULATION

N Specific heat of hexane in CRC Handbook of Chemistry of Physics,
& 36th edition, p 2100, is 0.600 cal/g OC.

Quantity of heat lost by hexane:
(0.600 cal/g°C) (mass of bath) (temp. change of bath)

= calorlies lost by bath
Calories lost ty bath = calories galned by sample

Specific heat of sample

Calories gained by sample = Specific heat
(mass of sample) ?temp. change of sample) of gelatin

r
|
|
}' Classes 1-4
/

%’ The bath lost 300-400 calories; the temperature change of the
bath was 2-4°C; +the mass of bath was 300-500 g.

w' Temperature change of sample was around 15°C.
L Class 5, multi-sample runs, 3 blocks immersed

4 The bath lost around 600 calories; the temperature change of
‘ bath was 6-10°C; the mass of bath was 100-200 g.

Temperature change of sample was around 6-10°C.

See pages 7 through 9 for oxplanation of classes 1 through 5.
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APPENDIX F

|
% SUMMARY OF DENSITY - STORE TIME MEASUREMENTS: SERIES A

; Sample Welght Weight in Storage Void |
j Number in Alr () Hexane (¢) Density g/ml  Container Enclosed i
; 4
1-0 27.78 10. 53 1.063
2~0 29.40 10.71 1.061
3-0 28.58 10.45 1.062 Avg. density of
‘ L-0 26.66 9,76 1,062 samples 1-10= ]
5-0 30.95 11,14 1,060 1.062+0.001¢ 1
6-0 29.43 10,71 1,062 " ]
7-0 28.87 10. 54 1.062 s=8.8 x 10 i
8-0 29.93 10.87 1.061
9-0 26,87 9.84 1.063
; 10-0 30437 11.00 1.061 o __
| 11-1 30, 52 11.10 1,064 1 -
k. ; 12-2 29.89 10.82 1.065 1 -
) : 13-3 23.91 8.76 1.070 1 -
i g 14-6 23.96 8.93 1,083 1 -
& : 15-7 24,81 9.22 1.082 1 -
o i 16-8 23.85 8.83 1,076 1 -
- 17-9 25.23 9,37 1,078 1 -
| 18-10 24 Ll 9.034 1.078 1 -
B 19-13 24,75 9.20 1.079 1 -
{v . 20-14 23.75 .88 1.034 1 -
* ' 21-15 23.17 8,58 1,079 1 -
o : 22-16 22.02 8.7 1.094 1 - ‘
: ; 23-17 24,30 9.06 1,084 1 -
| f 24-17 21.720 8.11 1.090 2 -
. g 25-17 10. 54 4.53 1.181 2 -
" ‘ 26-20 21.95 8.26 1.089 1 -
- 27-21 21,78 8,09 1,089 1 -
28-22 20,456 7.76 1.090 1 -
29-22 12.86 5.27 1.146 2 -

| 20-22 19,89 7.63 1.094 2 -
| 31-23 22.11 8,01 1,060 1 -

, 32-23 13. 3% 5.50 1,151 2 -
| 33-24 23,3 8.73 1.081 1 -

_ 3h-20 14, 54 5.88 1.134 2 -
§ 35-27 18,27 7.05 1.101 1 -

o 26-27 15.31 6.05 1,117 2 -

37-28 18.12 7.02 1,107 1 -
38-28 13.63 5.39 1,120 2 -

. 39-29 9.08 4.08 1.230 i - ‘
o 40-29 9.16 4,97 1477 2 - 1
’ 41-30 5,72 2.71 1,284 i - |
‘ 42-30 13.40 5.46 1,139 2 -

‘ 43-31 7.1 3452 1.289 i -
] 4l-31 £.91 4,00 1.226 2 -
. L45-35 7.19 3,49 1,314 L -
o Lb-35 16,77 L.1b 1.103 2 -

L7-26 5.89 2.84 1.306 L -
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APPENDIX F (Cont'd)

Sample Weight Weight in
Number in . .r (g} Hexane (g)
u'8'36 8.34 3.81
49-37 7419 3.45
50-37 8.95 4,06
51-38 6.23 3.03
52-3R 8.12 3.78
12-38 8.24 3.88
21-38 9.78 4,33
53-41 6433 3.22
5441 8.04 3.71
55442 6.75 3.27
5642 7. 347
57-43 6.44 3.11
58-43 7.61 3.60
59-14d} 6414 3,00
60-44t 8.42 3.79
61-48 7.13 3.3
62-48 7.87 3.60
13-43 6.16 2,99
27-48 7.68 3.47
63-50 6 Ll .12
64-50 6,61 3.18
16"50 6.81 3.26
38"51 5.9? 2.88
39-51 647 3.13
16-51 6.77 327
Lo-52 6.79 3.28
41-52 5.02 244
15-52 73 3.58
L2-55 6.56 3.18
L3-55 6.53 3.20
16-55 6.68 3.26
by~ 57 6453 3.19
45-57 6.50 3.20
16-57 6.64 324
11-58 725 R 54
L6-58 6.99 .41
L47-58 5.48 2,69
B

Density z/ml

Storage
Container

Void
Enclosed

1.2“‘3
1.302
1,237
1.305
1.284
1.266
1.202
1.316
1.255
1.314
1.281
1.914
1.286
1.330
1.234
1.274
1.254
1.313
1.234
1.316
1.310
1,308
1.314
1.319
1.314
1.312
1.326
1,319
1.324
1.324
1.315
1.318
1.328
1.314
1.321
1.318
1,323

Voild enclosed in gelatin sample
- t No void enclosed
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APPENDIX G

SUMMARY OF DENSITY - STORE TIME MEASUREMENTS: SERIES B

Sample Welght in Welght in Enclosed
Number Ay (p) Hexane (g) Density g/ml Void
1-0B 29.23 10.56 1,060 -
2-0B 28.32 10,26 1,060 -
3-0B 31,93 11.47 1,054 -
L-3B 28,81 10.55 1,071 -
5-4B 26.81 9.86 1,069 -
6-5B 23,21 8.64 1,075 -
7-6B 26.41 9.75 1,072 -
8-7B 23,07 8.57 1,073 -
9-10B 22.51 8.43 1,004 -
10-11B 23.23 8.76 1,085 -
11-12B 21.06 7.95 1,089 -
12-13B 18.65 7.15 1.099 -
13-14B 20.28 7 .84 1,106 -
14-18B 16.02 6.31 1,115 -
15-19B 14.92 6,01 1.134 -
1-20B 10.33 5,14 1.3%5 -
2-21B 12.93 5,34 1,143 -
7-24B 11.77 5.03 1.184 -
L-25B 11.37 4,92 1.192

1-25B 9.74 5.46 1.207 -
5-26B 12,86 5,24 1.150 -
6-27B 9.26 4,05 1.211 B
7-27B 7.78 3,34 1.254 B
6-31B 7.78 3457 1.254 B
6-33B 7.37 345 1.267 B
8-33B 7.74 3,55 1.250 -
11-34B 8,38 3.86 1.254 -
14-35B 704 346 1.262 B
1-4OB 6454 3,28 1.293 B
2-41B 6,74 3,21 1.287 B

B : Enclosed void in gelatin sample
- : No enclosed void
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APPENDIX H

SURFACE POLARITY OF GELATIN SOLIDS

Surface Sample Sample Sample Sample Sample Sample
1 1-A 2 3 b 5

top when
cast - -Smv -Omv ~2myv +2mv +Himy +imv
bottom when
cast -2 -8 -2 +1 -1 +7
side 1 -3 -4 +1 +1 iy
side 2 -8 -4 47 +3 +Hy
side 3 -l -2 +6 +7 +3
side &4 +3 -2 +5 +2 +2
top when -1 +3 +3

?ast

interchanged

electrod::§

bottom when +3 -4 -1

cast

(interch ed

electrodes

Sample 1 was cast in lucite molds, 9 days old

Sample 1-A 0ld surfaces melted away, new surfaces exposed

Sample 2 was cast in lucite mold, 9 days old

Sample 3 " " " glass * 4 19 hours old

Sample 4 * " " cardboard mold largely in darkness, also w's
prepared in darkness

Sample 5 was prepared and cast largely in darkness in glass mold
immersed in hexane during measurements

The potentials listed are with respect to a ground electrode, which

in each case is on the face opposite the listed "surface". Cases

listed as "interchanged electrodes" follow the same convention, except
the electrodes are physically interchanged. All electrodes are chromium
plated steel.
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APPENDIX I

CROSSHEAD VELOCITY FOR GAS GUN TESTS

projectile mass

moveable crosshead mass
initial projectile veloelty
final projectile veloeity
final crosshead velooity

°<
ty 8 0n

The crosshead is initially at rest, so conservation of momentum requires:

mvy = mv + MV (1)
and conservation of energy requires:

g = mv® + Mv2 (2)

2 2 2

rewriting (2):

n=nfve+ IV (3)
M M(vj (vé\
but rewriting (1):

YV =n v
- ={ 1-<
Vo M Vo \

so (3) can be rewritten as:

m=m(x 2 +(m\2 1;'.‘2
M M Vo M Vo
collecting terms, this becomes:t
2 =
-lv m\\1l +m{+ |y zmz +_nl(l-g)-0
(vo\ (M“ M] (v() ( F@) M\ M

using the general solution to a quadratic equation, and then simplifying,
we gets

(759 ()

In this case:

m=1
M= 3
v =(1\- 3}
Vo +\l
y =1, -1
Vo 2
v = ladno impact
Yo
v =-1lw v=-y physically meaningful
Vo 2 2
Therefore: V=m(vo -v)=1 (v +‘_’o)=!o
M 3 2 )
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APPENDIX J

COEFFICIENT OF ROLLING FRICTION

Let W = work done on one wheel by the dropping welght

W= HL'+ oy

W, = work done with string & to radius of pulley
Wyar = work done with string at a varlable angle to pulley
Just before string pulls off pulley

Wy = MgH = Mg (23")
where H = distance weight falls siith string A to radius

Woar = Mgrj.gc?;& de = Mgr sin @ .

: wher€@ 1s the angle the wheel rotates through after the
string is no longer 4 radius, and Opay is the angle at which
string pulls off pulley
©ax = 3" = _¥" =0.61 radlans

Tpulley 9 u"

Wyar = Mg (5 3/4") sin (0.61) = Mg (3.2")
¢ W= w¢+ wva.r = Mg (23-' + 3.2u)

‘e
S W= 26,2" Mg foot-lbs, where Mg is in 1bs.
12 n
* * - x * * * *

Let U represent the total energy losc of the system
let uj = energy loss of lst wheel due to gelatin in "n" revolutions

let uy = energy loss of 2nd wheel due to gelatin in "n" revolutions

let u?

]

energy loss of lst wheel due to other dissipation mechanisms
in "n" revolutions

let ug = energy loss of 2nd wheel due to other dlssipation mechanisms
in "n" revolutions

Then U = uy +u, +u§ +ug
let N = normal forcz (load) on gelatin
then ,.,11 N = frictional force in direction of rotation

so o1l N(rDn) = up +up
where D = wheel diameter (including gelatin)
¥* * * * +* * * *

If wheel #1 turns q; times with energy input wy when there is no contact
between the two wheels,

And if wuneel #2 turns gqp times with energy input w; when there is no
contact between the two wheels,

Then the total energy loss (when there is no contact between wheels) per

revolution is given by

ot
Q 9

16s  Preceding page blank

T n o AT LI AL S

i
|
4

"N ik

Y



i
i

APPENDIX J (Cont'd)

Then the total energy loss (with no contact) for "n" revolutions is
ug+u8-nw1<}_ +1_\
3 9

Calibration runs at the highest initial velodty (the 5.3 1b welght)
showed wheel #2 turns 3/U4 the number of turns wheel #l makes before
it stops when there is no contact between wheels.

Q1‘3/L’Q1
g +ug-nwlja +.L+_.] = 2 Bwy
Qu 39 3 q
* * * * * * * »*

0
So U= zW = up +up + ug + up in "n" revolutions when the wheels are in
contact

2W =M 11 NeDn + 7 Mwq
3 q1

e A‘roll =2W - 7w
wiIn  3qNeD

where N = normal force between wheels in lbs.
D = wheel diameter including gelatin in feet = 2,13 ft
W= (2.18) x (drop wefght in 1lbs) ft-lbs used when wheels are
in contact (same W is used for each wheel)
n = number of revolutions before stopping when wheels are in

contact

w1 = (2.18) x (drop weight in 1lbs) ft-1bs used when wheels are
not in contact (same weight used on each wheel)

q = number of revolutions of wheel #1 before stopping when
wheels are not in contact
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